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1. SUMMARY 
Coordination compounds containing lanthanide ions can potentially present emission and 
magnetic properties; specifically single-molecule magnet (SMM) behaviour at low temperatures 
is being widely studied, since it is thought it can lead to applications in information storage. 
In this research project two series of dinuclear chiral coordination compounds have been 
synthesised, containing nickel(II) or zinc(II) ions and a lanthanide(III) ion, using a chiral Schiff 
base as ligand. Single crystals have been obtained and used to characterise the structure of the 
compounds with single-crystal X-Ray Diffraction. With the obtained powder samples the 
characterisation of the compounds have been made through UV-visible spectroscopy, UV and 
NIR emission spectroscopy, circular dichroism, powder X-Ray Diffraction and IR spectroscopy. 
The magnetic properties of the samples have been studied using DC and AC susceptibility 
measures. 
 
Scheme 1. Coordination compounds synthesis. 
Obtained compounds have not presented emission properties deriving from the lanthanide 
ion, but presented single-molecule magnet (SMM) behaviour and the potential barrier values 
have been calculated. 
Keywords: single-molecule magnet (SMM), magnetic susceptibility, chiral coordination 
compounds, lanthanides, Schiff bases. 
 
Ln(NO3)3·XH2O 
[NiL] 
Ln(NO3)3·XH2O Ni(CH3COO)2·4H2O 
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[ZnL(CH3OH)] [ZnLnL(CH3OH)(NO3)3] 
[NiLnL(NO3)3] 
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2. RESUM 
Els compostos de coordinació que contenen ions lantànid són susceptibles a presentar 
propietats emissives i magnètiques interessants, concretament el comportament d’imant 
molecular (SMM) a baixa temperatura s’estudia perquè s’estima que pot presentar aplicacions 
en el sector d’emmagatzematge d’informació. 
En aquest projecte de recerca s’han sintetitzat dues sèries de compostos de coordinació 
dinuclears quirals amb un ió níquel(II) o zinc(II) i un ió lantànid(III), utilitzant una base de Schiff 
com a lligand quiral. S’han obtingut cristalls de qualitat per a dur a terme la caracterització de 
l’estructura amb difracció de raigs X de monocristall. Amb les mostres en forma de pols s’ha fet 
una caracterització del compostos a través d’espectroscòpia UV-visible, espectroscòpia 
d’emissió a la zona UV i infraroig proper (NIR), dicroisme circular, difracció de raigs X de pols i 
espectroscòpia IR. També s’ha estudiat el seu comportament magnètic amb mesures de 
susceptibilitat magnètica DC i AC. 
 
Esquema 1. Síntesi dels compostos de coordinació. 
Els compostos obtinguts no presenten propietats emissives derivades de l’ió lantànid, però 
presenten comportament d’imant molecular i s’han calculat els valors de les seves barreres de 
potencial que els caracteritzen. 
Paraules clau: SMM, susceptibilitat magnètica, compostos de coordinació quirals, lantànids, 
bases de Schiff. 
 
Ln(NO3)3·XH2O 
[ZnLnL(CH3OH)(NO3)3] 
[NiLnL(NO3)3] [NiL] 
Ln(NO3)3·XH2O Ni(CH3COO)2·4H2O 
Zn(NO3)2·6H2O 
[ZnL(CH3OH)] 
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3. INTRODUCTION 
This project has been realised in the Molecular Magnetism laboratories of the Inorganic 
Chemistry Section of the University of Barcelona. This research group works on the synthesis of 
polynuclear coordination compounds, its structure, characterisation and magnetic studies. The 
study of these compounds can lead to the generation of new molecule-based magnetic 
materials, but also provides interesting cases of investigation in physics and theoretical 
chemistry. 
One of the specific objectives of the research group is to obtain new systems exhibiting 
Single-Molecule Magnet (SMM) behaviour. 
SMMs are systems that present a slow relaxation of the magnetization below a certain 
temperature, called blocking temperature, which leads to a magnetic hysteresis; that is to say, 
below the mentioned temperature a potential barrier does not allow the spin reversal. The 
theoretical value of the potential barrier is DS2, for this reason the requirements needed for a 
compound to present this SMM behaviour are a high-spin ground sate (S), a negligible magnetic 
interaction between molecules and magnetic anisotropy with a negative zero-field splitting 
parameter (D).[1]  
The properties of SMMs make them an interesting object of research since they seem to be 
the next-generation high-density information storage materials and a potential candidate for 
molecular spintronics devices.[2] Lanthanide ions with anisotropic magnetic moments are good 
candidates as building blocks in the construction of magnetic materials with large hysteresis 
loops;[3] therefore, lanthanide ion complexes have been an object of study since they are known 
to be potential SMMs and to present luminescent properties. The luminescence of the 
lanthanide ions has been used in the fabrication of organic light-emitting diode (OLEDs), 
luminescence sensors, biological markers, medical diagnostics and optical cell imaging.[4] 
In this work, potential SMM lanthanide complexes have been synthesised using chiral 
ligands in order to exploit the optical properties provided from enantiomerically pure 
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compounds, since visible or near-infrared emission are common in lanthanides and chiral 
compound emissions are polarized. 
Schiff bases derived from the condensation of a chiral diamine and an aldehyde were used 
as ligand, since studies of lanthanide complexes with similar structures had already been 
carried out[5] and lanthanide Schiff bases complexes had been studied as reaction catalysts.[6] 
Several synthetic trials to obtain single crystals, in order to characterise the structure of the 
compounds, were done using methods described in the literature to obtain clusters with different 
substituents in the chiral diamine.[7] Three types of ligands were used in the synthesis; however, 
first and second ligands did not provide crystals in a reduced time period. Finally, using the third 
ligand single crystals were obtained. It permitted the synthesis and characterisation of two 
series of compounds containing lanthanide ions and an atom of Zinc or Nickel and the study of 
their magnetic and emission properties. 
                         
Figure 1. Schiff base ligand structures used. Initial ligands (left and central) and finally used in 
synthesis (right). 
4. OBJECTIVES 
The aim of this project was to: 
 synthesise chiral complexes using lanthanide ions 
 characterise the structure of the complexes 
 study the magnetic properties of the synthesised complexes 
 study the emission properties of the synthesised complexes. 
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5. EXPERIMENTAL SECTION 
5.1. INSTRUMENT AND EXPERIMENTAL CONDITIONS 
5.1.1. Physical Measurements 
Infrared spectra were collected on a Thermo Nicolete AVATAR 330 FT-IR 
spectrophotometer (4000-400 cm-1), using KBr pellets and OMNIC software program to 
visualize the IR spectra. 1H-RMN spectra were collected on FENIX MERCURY 400. The 
photoluminescence spectral measurements were recorded on NANOLOGTM –HORIBA JOBIN 
YVON controlled by computer. Circular dichroism measurements were collected on a JASCO J-
815 spectrometer, using a 1 cm path length quartz cuvette. Magnetic susceptibility 
measurements for the compounds were carried out on polycrystalline samples, at the Servei de 
Magnetoquímica of the Universitat de Barcelona, with a Quantum Design SQUID MPMS-5 
susceptometer apparatus working in the range 2–300 K. Diamagnetic corrections were 
estimated from Pascal Tables. 
5.1.2. X-Ray Crystallography 
The single-crystal X-Ray intensity data were measured on a D8 Venture system equipped 
with a multilayer monochromator and a Mo microfocus (λ = 0.71073 Å). The frames were 
integrated with the Bruker SAINT Software package using a narrow-frame algorithm. The 
structure was solved and refined using the Bruker SHELXTL Software Package. These 
processes were carried out at Unitat de Difracció de RX from Centres Científics i Tecnològics 
de la Universitat de Barcelona (CCiTUB). Powder X-Ray Diffraction data were collected on a 
PANalytical X’Pert PRO MPD / powder diffractometer of 240 millimetres of radius. The 
samples were sandwiched between films of polyester of 3.6 microns of thickness. 
5.2. INITIAL SYNTHETIC TRIALS 
Two different types of lanthanide complexes, which differ in the aromatic ring of the chiral 
Schiff base, were prepared. Three different crystallization systems (slow evaporation, vapour 
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diffusion or layer diffusion) were tried but no crystals were obtained. Due to this setback, the 
structure of these complexes, probably mononuclear, could not be determined, however, the 
synthesising process is described below. 
5.2.1. Synthesis of the pyridine ring complexes 
5.2.1.1. Preparation of the ligand (1S,2S)-N,N'-bis(2-pyridylmethene)-1,2-
diphenylethylenediimine 
0.202 g (1.9 mmol) of 2-pyridinecarboxaldehyde and 0.2 g (0.9 mmol) of (1S,2S)-1,2-
diphenylethylendiamine were dissolved in 20 mL of absolute ethanol into a florence flask and 
refluxed for 50 minutes. After cooling to room temperature, the solution was dried at a rotary 
evaporator and a brownie oil was obtained. It was transferred and diluted with methanol to 20 
mL in a volumetric flask and kept into the refrigerator. 
 
Figure 2. Condensation reaction of the ligand. 
5.2.1.2. Synthesis of the lanthanide complexes 
The general procedure for the synthesis of the lanthanide complexes started diluting 5mL 
(0.2 mmol) of the ligand solution to 20 mL with methanol and stirring for 10 minutes. 0.2 mmol of 
the nitrate salt of the lanthanide was added and stirred for 10 minutes at room temperature and 
an orange coloured solution was obtained. 
The solution was then placed to crystallise using three different methods: evaporation of the 
solvent, diethyl ether vapour diffusion and layering or solvent diffusion, but no crystals were 
obtained. 
The lanthanides used in this synthesis were Europium, Terbium and Ytterbium following the 
same procedure and using each corresponding nitrate salt. 
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5.2.2. Synthesis of the pyrrole ring complexes 
5.2.2.1. Preparation of the ligand (1R,2R)-bis(pyrrol-2-ylmethyleneamine)-ciclohexane 
1.9 g (20 mmol) of pyrrole-2-carbaldehyde and 1.142 g (10 mmol) of (1R,2R)-
diaminocyclohexane were dissolved in 20 mL of ethanol and stirred for 10 minutes at room 
temperature. 10 drops of glacial acetic acid were added to the solution and stirred for 1 hour. A 
white precipitate was obtained and it was filtered and washed with methanol. 
 
Figure 3. Condensation reaction of the ligand. 
5.2.2.2. Synthesis of the lanthanide complexes 
The general procedure consisted in dissolving 0.027g (0.1 mmol) of the ligand prepared and 
0.036 g (0.2 mmol) of tetramethylammonium hydroxide in 20 mL of a solution 
acetonitrile/methanol 1:1. Then, 0.1 mmol of the lanthanide salt was added and stirred overnight 
at room temperature. Generally, a white or yellowish precipitate was obtained and filtered and 
the yellow solution was left to crystallise. 
The lanthanide salts used following this procedure were cerium acetate, europium nitrate 
and chloride and terbium nitrate; however, no crystals were obtained. 
5.3. SYNTHESIS OF THE CHARACTERIZED COMPOUNDS 
Since the expected results of the complexes explained above were not accomplished, a 
different chiral Schiff base was prepared using the aldehyde o-vanillin. 
The synthesis strategy began preparing the ligand and using it to form a complex containing 
Nickel or Zinc, followed by the addition of the lanthanide (Ln) to this complex precursor. 
In this case, crystals were obtained and therefore the complete study of its structure and its 
optical and magnetic properties was possible. 
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5.3.1. Preparation of the ligand (1R,2R) or (1S,2S)-N,N'-bis(3'-methoxy-2'-
hydroxyphenylmethene)-1,2-diphenylethylenediamine (L) 
A solution of the aldehyde was prepared by adding 0.304 g (2 mmol) of o-vanillin (or 4-
hydroxy-3-methoxybenzaldehyde) and 20 mL of methanol into a round-bottomed flask. The 
solid diamine was added next as 0.212 g (1 mmol) of the correspondent enantiomer of 
diphenylethylenediamine and the mixture was refluxed overnight. 
 
Figure 4. Condensation reaction of the ligand. 
The yellowish solution of the ligand was next transferred and diluted with methanol into a 20 
mL volumetric flask and kept into the refrigerator until it was used to prepare the Nickel and Zinc 
complex precursors. 
In order to characterize the ligand, a portion of the solution was rotoevaporated almost until 
dryness and a yellow solid was obtained. The excess of solvent was poured off and the solid 
was washed with 2-3 mL of diethyl ether, which was also poured off the flask, and dried at the 
rotary evaporator. 
 
Bright yellow solid. IR (KBr pellet): 3439 (st O-H), 2934 (st C-H), 1626 (st 
C=N), 1465, 1254, 1080, 735, 700 cm-1. 1H NMR (CDCl3, 400 MHz): δ 13.7 
(s, 2H), 8.29(s, 2H), 7.12-7.05 (m, 12H), 6.82-6.80 (dd, 2H), 6.75-6.72 (dd, 
2H), 6.69-6.63 (m, 2H), 4.63 (s, 2H), 3.82 (s, 6H). 
5.3.2. Preparation of the transition metal precursor complexes 
5.3.2.1. Nickel-L precursor 
To prepare the Nickel precursor complex, 0.062 g (0.25 mmol) of Ni(CH3COO)2·4H2O were 
dissolved in 10 mL of methanol, added onto 5 mL (0.25 mmol) of ligand solution and refluxed for 
1 hour. The solution changed its coloration from yellow to intense red. 
The solution obtained was directly used to synthesise the dinuclear complex. 
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In order to characterize the [NiL] precursor, a portion was cooled to room temperature and a 
brown precipitate appeared and was filtered. 
IR (KBr pellet): 3447 (st O-H), 3055 (st C-H), 2924 (st C-H), 1610 (st C=N), 1544, 1471, 1440, 1321, 
1249, 1229, 1085, 736 cm-1.  
5.3.2.2. Zinc-L precursor 
The Zinc precursor complex was prepared following the same procedure and using 0.074 g 
(0.25 mmol) of Zn(NO3)2·6H2O. After refluxing no change of colour was observed and the 
solution remained yellow coloured. 
In order to characterize the [ZnL] precursor, a portion was cooled to room temperature and 
a bright yellow precipitate appeared and was filtered. 
IR (KBr pellet): 3443 (st O-H), 3055 (st C-H), 2904 (st C-H), 1625 (st C=N), 1469, 1447, 1358, 1242, 
1218, 986, 737, 702 cm-1.  
5.3.3. Synthesis of [NiLnL] and [ZnLnL] complexes 
The general procedure of the synthesis of the dinuclear complexes consisted on adding the 
correspondent amount (0.25 mmol) of the lanthanide nitrate salt, following a 1:1 stoichiometry, 
to the previously prepared [NiL] or [ZnL] precursors solution and refluxing it for 30 minutes. In 
most cases, a precipitate was obtained and filtrated after cooling at room temperature. In some 
cases ([ZnYb], [NiCe], [NiNd]) the complexes were more soluble and then the solutions were 
concentrated to one third of the initial volume and left for one day in the refrigerator to induce its 
precipitation. The still coloured solutions were left to crystallise through three different methods: 
evaporation of the solvent, diethyl ether vapour diffusion and diethyl ether layering. With small 
differences from one compound to another, the average yield was around 60%. 
The general result was the obtention of a non-crystalline precipitate. When Nickel was used, 
the precipitate showed a deep orange colour or a bright yellow colour when Zinc was used. Tiny 
bar-shaped crystals appeared in some cases only through the layering method of crystallisation. 
All the infrared spectra for the series of complexes containing the same transition metal 
were practically identical. All the [NiLn] synthesised complexes showed the following 
characteristic bands. 
IR (KBr pellet): 3430-20 (st O-H), 1628-5 (st C=N), 1470, 1556, 1384 (NO3-), 1289-7, 1220, 741 cm-1.  
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All the [ZnLn] synthesised complexes presented the following characteristic bands on their 
infrared spectra. 
IR (KBr pellet): 3400-20 (st O-H), 1613-0 (st C=N), 1472, 1384 (st NO3-), 1300, 1234, 1077, 739, 696 
cm-1.  
These spectra appear on Appendix 1 and 2. 
The compounds synthesised, the transition metal and lanthanide used and the ligand 
stereochemistry are shown in the following table. Additionally, it includes the numeration which 
will be used when referring to the compounds. 
Compound 
Transition 
metal 
Lanthanide 
Ligand 
stereochemistry 
1 Ni Eu RR 
2  Eu SS 
3  Ce RR 
4  Nd RR 
5  Tb SS 
6  Dy RR 
7  Ho SS 
8  Er SS 
9  Tm RR 
10  Yb RR 
11  Yb SS 
12 Zn Eu RR 
13  Eu SS 
14  Ce RR 
15  Nd SS 
16  Tb RR 
17  Dy SS 
18  Er RR 
19  Yb RR 
Table 1. Compound numeration with each correspondent transition metal and lanthanide used and ligand 
stereochemistry. 
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6. RESULTS AND DISCUSSION 
6.1. STRUCTURAL DESCRIPTION 
6.1.1. Compound 1, (R,R)-[NiEu] 
A representation of compound 1 (R,R)-[NiLEu(NO3)3] structure along with atom labels is 
shown in Figure 5, while selected bond lengths and angles are listed in Tables 4 and 6 
(Appendix 4 and 6). Crystallographic data are shown in Table 3 (Appendix 3). 
 
Figure 5. Crystal structure with labels of compound 1, molecule A. 
The structure of compound 1 shows that it is a dinuclear neutral complex of nickel(II) and 
europium(III), where the metal centres are doubly bridged by two phenolate oxygens of the 
ligand. Inside the unit cell there are two non-equivalent molecules with similar structures, the 
data given below refer to molecule A. 
The nickel(II) ion occupies the ligand salen-type cavity; it is tetra-coordinated with two 
phenolate oxygens and two imine nitrogens which occupy four vertex positions of a square-
planar coordination geometry, since the deviation of the nickel(II) ion from the N2O2 plane is 
0.01 Å. 
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The europium(III) ion is coordinated to the open and larger position of the dinucleating 
compartmental ligand; it is ten-coordinated and adopts a non-symmetric coordination sphere, 
which is typical for a lanthanide 4f metal ion. In addition to two phenolate and methoxy oxygens, 
two oxygens each from three nitrates coordinate to this metal centre. There are three types of 
different average Eu-O distances, Eu(1)-O(phenolate) = 2.40 Å, Eu(1)-O(nitrate) = 2.50 Å, and 
Eu(1)-O(ethoxy) = 2.55 Å. These differences can be related to the different negative charge of 
the O-donors. 
The average bond distances of nickel(II) and europium(III) with O-phenolate are significantly 
different, because of differences in ionic size (Eu(1)-O(phenolate) = 2.40 Å, Ni(1)-O(phenolate) 
= 1.84 Å). The bridge angles are Ni(1)-O(2)-Eu(1) = 105.4º and Ni(1)-O(3)-Eu(1) = 106.7º. 
The Ni(1)-O(2)-Eu(1)-O(3) dihedral angle is 11.62º, which suggests that the bridging moiety 
is not planar. The europium(III) ion remains 0.56 Å below the plane formed by the coordinated 
atoms to the nickel(II). 
There is no intermolecular hydrogen bonding, but some weak C-H···O interactions occur 
between molecules. The most important intermolecular interactions are the presence of 
hydrogen atoms from methyl groups right on the axis from the centre of a phenyl group. Figure 
6 shows how the hydrogen, from the methyl group of C(1B), with a slightly positive charge 
density interacts with the electronic cloud of the phenyl group C(17B)-C(22B) from another 
molecule; the hydrogen is just 2.596 Å distant to the phenyl centroid. Even though it is not a 
strong interaction, it leads to the formation of chains when crystallising. This type of interaction 
where an atom interacts with the electronic cloud of a π-system is  usually found in solid state 
and has become a study subject.[10] 
 
Figure 6. Intermolecular hydrogen-π-system interactions (red-dashed line) from compound 1. 
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6.1.2. Compound 12, (R,R)-[ZnEu] 
A representation of compound 12 (R,R)-[ZnLEu(NO3)3] structure along with atom labels is 
shown in Figure 7, while selected bond lengths and angles are listed in Tables 5 and 7 
(Appendix 5 and 6). Crystallographic data are shown in Table 3 (Appendix 3). 
The structure of compound 12 shows that it is a dinuclear neutral complex of zinc(II) and 
europium(III), with a similar molecular structure to compound 1. Inside the unit cell there are two 
non-equivalent molecules with similar structures, the data given below refer to molecule A, and 
it is observed the presence of methanol molecules as crystallisation solvent which occupy voids 
between molecules. 
 
Figure 7. Crystal structure with labels of compound 12, molecule A. 
The major difference to compound 1 structure is the coordination sphere of the transition 
metal ion. The zinc(II) ion is penta-coordinated with both phenolate oxygens and imine nitrogens 
and an oxygen from a methanol molecule. The new coordination position leads to a tetragonal 
pyramidal geometry, where the metal atom remains 0.54 Å above the square base. 
The bridging moiety of this structure is less planar than for the [NiEu] analogue, since the 
europium(III) ion remains 0.78 Å below the plane formed by the square base of the zinc(II) 
pyramid. 
The presence of solvent crystallisation molecules allows the presence of hydrogen bonds 
between molecules and leads to the formation of one-dimensional zigzag AB chains running 
parallel to the crystallographic c axis, as it is shown in Figure 8. These interactions occur 
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between oxygens from the nitrate group and the hydrogen from the methanol crystallization 
molecule (in Figure 8, O(7B), O(6B) and H(10W)), while the oxygen from the methanol 
crystallization molecule interacts with the zinc(II)-coordinated methanol hydrogen from another 
molecule of the structure (in Figure 8, O(1W) and H(14C)).  
Interactions between chains occur through interactions of methylic hydrogens from the 
coordinated methanol with the π-system of the phenyl groups. The average distance of these 
hydrogens to the phenyl centroids is less than 3.16 Å.  
 
Figure 8. Intermolecular interactions of compound 12: hydrogen bonds (red-dashed line) and 
hydrogen-π-system interactions (blue-dashed line). 
6.1.3. Compound 13, (S,S)-[ZnEu] 
The structure of compound 13 (S,S)-[ZnLEu(NO3)3] is a mirror image of compound 12 
obtained structure, as it was expected since enantiomeric diamines were used to synthesise the 
ligand. Selected bond lengths and angles are listed in Tables 5 and 7 (Appendix 5 and 6). 
Crystallographic data are shown in Table 3 (Appendix 3). 
6.1.4. Interesting comparative aspects 
The coordination sphere of the ten-coordinated lanthanide ion can be related to a 
polyhedron through the quantitative evaluation of the degree of distortion of the coordination 
sphere atoms from a given ideal polyhedral shape. Through this method it is possible to find the 
ideal structure having the desired shape that is closest to the observed structure. The 
Continuous Shape Measurement parameter (CShM) is calculated by adding the differences 
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between the molecule vertexes and the ideal polyhedral shape vertexes; therefore, a molecule 
with zero CShM value would present the geometry of an ideal polyhedron. 
The europium(III) coordination spheres of compound 1 [NiEu] and compound 12 [ZnEu] 
were studied using the SHAPE program and compared with 13 ideal polyhedral shapes 
containing 10 vertexes. 
In case of compound [NiEu] complex, the minimum CShM value obtained was 3.24116 
corresponding to the ideal structure of the sphenocorona (JSPC-10). There are differences of a 
unit separating other ideal structures CShM parameters. In Figure 9 appears the comparison 
between the real coordination sphere and the ideal polyhedral shape. 
Three ideal structures with similar CShM values were obtained for the [ZnEu] complex: 
sphenocorona (CShM = 3.84469), staggered dodecahedron (CShM = 3.74320) and 
tetradecahedron (CShM = 3.31962), the last one as the closest ideal shape. The similarity of the 
values is caused by the distortion of the coordination sphere. 
 
Figure 9. Coordination sphere of europium(III) in [NiEu] overlapped with sphenocorona shape (green). 
Figure 10 shows a simplified structure with the ligand and the coordination sphere of the 
transition metal of compounds 12 and 1. In both cases, the ligand used was the (R,R) isomer; 
however, a different conformation of it was obtained. This difference does not come from the 
crystallisation process, but it is related with the formation of the [NiL] or [ZnL] precursor, 
because the ligand structure can rotate freely around the C(12)-C(13) bond while it remains in 
solution until it reacts with the nickel(II) or zinc(II) ion, when it becomes to a fixed conformation. 
 
Figure 10. Ligand conformation of the (R,R) isomer in precursors [ZnL] (left) and [NiL] (right).  
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6.2. CHARACTERISATION METHODS 
Once the structure of these three compounds has been well-defined, other characterisation 
methods were used to obtain more information about these complexes and also to compare 
them with the other synthesised compounds. 
6.2.1. UV-visible spectroscopy 
Electrons in molecules can present -*, n-*, n- and -* transitions, where n is a non-
bonding electron, when absorbing energy. The UV-visible spectrometry uses light at these 
wavelengths to study organic molecules with  systems, showing -* transitions, and 
transition metals, showing d-d transitions.  
The UV-visible spectra were collected using samples from the ligand, the [ZnL] precursor, 
and compound 5 [NiTb]. The ligand spectra (Figure 11) showed bands at 219, 264, and 330 nm 
corresponding to -* transitions from its aromatic rings originated from the o-vanillin aldehyde, 
in the UV region. Spectra of the precursor and the complex (Figure 12) showed peaks from the 
ligand transitions mentioned above; however, bands corresponding to the metal atom transitions 
were not observed. 
Figure 11. Ligand UV-visible spectra. Figure 12. [LZn] precursor and compound 5 UV-
visible spectra. 
The lanthanide atom transitions did not appear, as expected, since these transitions are 
significantly weak. As the nickel(II) ion presents a square-planar geometry, its d-d transition is 
more energetic and would appear in the UV zone; nevertheless, it would be masked by the 
ligand -* band due to its higher molar extinction coefficient. Zinc(II) ion is not able to present 
d-d transitions since its d orbitals are full, then no band was expected to appear. 
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6.2.2. Emission spectra 
Lanthanide atoms present an electronic configuration following [Xe]4fn (n=0-14) and it 
generates a great amount of electronic levels, which have been well-established with its 
correspondent energy and f-f transitions. 
These transitions can be observed as a sharp, well-defined band in the visible to NIR 
regions of an emission spectra and are useful to indicate the presence of a particular 
lanthanide, nevertheless since these transitions are Laporte-forbidden its intensity is 
significantly low (10-1 M-1·cm-1, approximately) because the absorption is poor. In order to 
increase the intensity of the band, it is necessary to populate the excited state of the lanthanide 
using an organic ligand (sensitization), since an intramolecular energy transference occurs from 
the excited triplet of the ligand to the excited state of the lanthanide (antenna effect). 
Moreover, an organic ligand surrounding the lanthanide ion prevents it from external 
quenching processes, which can lead to non-radiative deactivation processes due to 
interactions of the lanthanide with solvent molecules.[11] 
The emission spectra of the compounds containing the most typical emitting lanthanides 
(Eu, Tb) were recorded. The ligand and [ZnL] complex precursor emission spectra were also 
recorded, since the [ZnL] precursor showed a slight, greenish luminescence when it was under 
UV light (400 nm approximately). It was first studied the wavelength of the maximum absorption 
band and then used to excite the sample. An UV and NIR wavelength detectors were used. 
Figures 13 to 15 reflect some of the recorded emission spectra. 
Figure 13. Ligand emission spectra. Excitation 410 nm. Figure 14. [ZnL] emission spectra. Excitation 380 nm. 
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Figure 15. Compound 12 [ZnEu] emission spectra. Excitation 373 nm. 
 
In Figure 15 several sharp bands around 600 nm were expected to appear, corresponding 
to the Europium 5D0  7FJ transition;[12] however, a band at 437 nm was obtained, which came 
from the emission of the ligand, since [ZnL] acts as a wavelength corrector. In Figures 14 and 
15 appeared the emission activity of the ligand, which increased when coordinated with the 
zinc(II) ion. The emission of the ligand is caused by the presence of the aromatic groups 
resulting from o-vanillin aldehyde, because in literature appear similar emitting patterns from 
similar organic ligands without the phenyl groups. 
The emission spectra of compounds 1 [NiEu] and 5 [NiTb] were also recorded, but the 
lanthanide expected emission bands did not appear. The absence of the lanthanide emission 
bands is caused by the presence of quenching processes mentioned above. 
6.2.3. Circular dichroism 
Chiral molecules interact with polarized light by changing its polarization angle and a pair of 
enantiomeric molecules would change this angle in opposite directions. Dichroism is the 
property of having different absorption coefficients for light polarized in different directions. 
Circular dichroism (CD) makes use of this effect by measuring the difference between the 
absorption of left-hand circularly polarized light (CPL) and right-hand CPL. The measured 
magnitude is called ellipticity and the units used are millidegrees.[13] 
The instrument used to collect the CD of the samples was a spectropolarimeter. It contains 
a source of the light beam, a monochromator and a photoelectric modulator, which alternates 
left and right CPL while the light beam intensity remains constant, before arriving to the sample. 
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CD spectra are used to study the conformation and stereochemistry of compounds and to 
prove the enantiomeric purity of a sample, since a pair of enantiomers is expected to present 
opposite CD spectra. 
The CD measures were performed with the enantiomeric pairs of compounds 1 (R,R)-[NiEu] 
and 2 (S,S)-[NiEu] and compounds 12 (R,R)-[ZnEu] and 13 (S,S)-[ZnEu]. A solution of methanol 
was prepared and poured into 1 cm path length quartz cuvettes and diluted until obtaining an 
adequate concentration. In Figures 16 and 17 appear the CD spectra recorded. 
Figure 16. CD spectra for compounds 1 and 2. Figure 17. CD spectra for compounds 12 and 13. 
Mirror image CD spectra were obtained for [NiEu] enantiomeric pair (left), consequently, it 
can be stated compounds 1 and 2 are enantiomerically pure in solution. However, small 
wavelength differences of the peaks in [ZnEu] enantiomeric compounds (right) appeared. 
6.2.4. Powder X-Ray diffraction 
Electrons in atoms scatter light, then an atom can be considered as a point scatterer. When 
atoms or molecules packed in a periodic structure are irradiated with an X-Ray beam, which has 
a similar wavelength to the distance between atoms, they can diffract the light beam and a 
scattering pattern can be obtained. Information of the structure of the sample can be extracted, 
since the position of the diffraction maxima depends on the cell parameters and the relative 
intensity of the diffraction maxima depends on the distribution of the atoms and molecules inside 
the cell. 
Powder X-Ray diffraction (XRD) allows obtaining information of the structure of a sample 
without having a single-crystal of enough quality or size. Although the information obtained from 
single-crystal or powder XRD is the same, in the first case the diffraction data are distributed in 
three dimensions, while in powder XRD the diffraction data are shown in one dimension. This 
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fact can lead to the overlapping of some diffraction peaks and hinder the structure 
characterisation.[14] 
In order to avoid these difficulties, the diffraction pattern of the compounds which structure 
had been well defined by single-crystal XRD was predicted. The powder XRD diffraction pattern 
of the compounds with the same transition metal were experimentally obtained and then 
compared to the one predicted. If the diffraction patterns coincide, it can be assumed the three-
dimensional structure of both samples is the same. 
In Figures 18 and 19 appear the powder XRD diffraction patterns obtained in comparison to 
the predicted pattern (black-coloured) for the mentioned compounds. 
Figure 18. Powder XRD diffraction pattern obtained 
for compounds 4-10 (above) and calculated for 
compound 1 (bottom). 
Figure 19. Powder XRD diffraction pattern obtained 
for compounds 12, 15, 16, 17 and 18 (above) and 
calculated for compound 12 (bottom). 
The coincidence of the [NiLn] compound diffraction patterns obtained with the one 
calculated from the well-determined structure of compound 1 (left) allowed stating the [NiLn] 
complexes obtained were isostructural. 
All [ZnLn] measured spectra were coincident with the measured spectra of (R,R) and (S,S)-
[ZnEu] powder samples, but different from the diffraction pattern calculated from the single 
crystal structure of (R,R)-[ZnEu]. This difference is being studied and more information from the 
powder diffraction patterns, such as the cell parameters and its Rietvel structure will be studied 
in the future.  
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6.2.5. Infrared spectroscopy 
Infrared (IR) spectra of all the compounds were collected and compared. The IR spectra of 
the compounds derived from the same precursor showed a similar outline, where the small 
dissimilarities were due to the different ionic radium of the lanthanide ion used; all the spectra 
appear in Appendices 1 and 2. 
These similarities in the spectra affirmed that in solid state, mainly in the form of powder, the 
molecules of the synthesised compounds are equal to the others derived from the same 
complex precursor. 
6.3. MAGNETIC STUDY 
Single-molecule magnets (SMMs) are paramagnetic complexes which present an elevated 
anisotropy and high spin ground state that lead to the presence of a potential barrier (Ueff) 
between its up-spin and down-spin state. They act as molecular magnets at a nanoscale 
because they maintain the magnetization when the applied magnetic field is turned off, since the 
potential barrier prevents it to reverse the magnetic moment direction. 
This phenomenon is studied through AC susceptibility measurements, which consists on the 
application of an oscillating magnetic field onto the sample. The magnetic susceptibility is 
recorded as an in-phase component, ’, and as an out-of-phase, imaginary component, ’’, 
which is the result of the losses due to the irreversible magnetisation and denotes the inability of 
the molecules to follow the oscillation of the magnetic field.[15] 
It is known that the relaxation can also occur through quantum tunnelling, which provides a 
relaxation which does not need to surpass the barrier. In order to avoid this effect, a constant 
magnetic field is applied to the sample, which eliminates the resonance between the energy 
levels at both sides of the barrier and, in consequence, it reduces the possibility of quantum 
tunnelling effect.[16] 
 
Figure 20. Potential barrier of a SMM. Quantum tunnelling effect (left). Consequence of applying a 
static magnetic field onto the sample (right).  
Magnetic 
field 
Magnetic 
field 
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To collect the magnetic susceptibility of the compounds, the samples were first tested 
applying different static magnetic fields of 0, 1000 and 2000 G. Once the field at which the 
sample maximums appeared more defined, their magnetic susceptibilities were collected into a 
range of temperatures, using different magnetic oscillating field frequencies and the chosen 
static magnetic field.  
When measuring AC susceptibility, both ’ vs. T and ’’ vs. T charts are obtained and, 
specifically when studying SMMs, some peaks are expected to appear in the ’’ vs. T chart. 
In Figures 21 to 27 appear the ’’ vs. T charts obtained of the compounds measured which 
presented a SMM behaviour. A 1000 G static magnetic field was used, excluding compounds 5 
and 14, where 2000 G and 500 G magnetic field were used, respectively, and the studied range 
of temperatures included from 1.7 to 9.0 K, approximately. 
Figure 21. Compound 5 [NiTb] ’’ vs. T chart 
obtained. 
Figure 22. Compound 6 [NiDy] ’’ vs. T chart 
obtained. 
Figure 23. Compound 8 [NiEr] ’’ vs. T chart 
obtained. 
Figure 24. Compound 14 [ZnCe] ’’ vs. T chart 
obtained. 
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Figure 25. Compound 15 [ZnNd] ’’ vs. T chart 
obtained. 
Figure 26. Compound 17 [ZnDy] ’’ vs. T chart 
obtained. 
Figure 27. Compound 18 [ZnEr] ’’ vs. T chart obtained. 
These compounds showed the behaviour of SMMs, since peaks or part of them appeared in 
the lower temperature range. Compound 8 exhibited the most intense and well-defined peaks. 
In compound 16 chart two maximums became visible, one more intense than the other, and it 
could be the result of two different relaxation processes. The more intense peak, at lower 
temperature, was the one used in the calculations that follow. 
The potential barrier (Ueff) and relaxation time (0) of each SMM compound obtained were 
calculated plotting the values of temperature at which ’’ showed a maximum versus its 
correspondent frequency of the oscillating magnetic field. A linear regression was used and the 
fitting parameters applied onto the following Arrhenius equation, where kB = Boltzmann constant 
and  = frequency of the magnetic oscillating field (Hz). 
 ln (1/(2)) = ln(1/0) - Ueff/(kBT) Equation 1 
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Figure 28 reflects the linear fitting obtained for compounds 8 [NiEr], 15 [ZnNd] and 17 
[ZnDy]. 
Figure 28. Arrhenius method line fitting for compounds 8 [NiEr], 
15 [ZnNd] and 17 [ZnDy]. 
Since a minimum of two peaks are necessary to apply the Arrhenius method, it was only 
used in the cases where two or more peaks appeared. 
However, some compounds showed only one peak or none in the temperature measuring 
range, then another method was applied. It was first plotted ln (’’/’) vs. 1/T and a central 
linear zone was selected and linear fitted for each field frequency applied, as it can be seen in 
Figures 29 to 31. The fitting parameters were applied to the equation below, deriving from 
Debye model,[17] and were used to obtain the potential barrier and relaxation time.  
ln (’’/’) = ln (0) + Ueff/(kBT) Equation 2 
This method was only used in cases where a clear linear zone appeared; otherwise, these 
values could not be obtained. 
Figure 29. Compound 6 [NiDy] Debye method line 
fitting. 
Figure 30. Compound 15 [ZnNd] Debye method line 
fitting. 
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Figure 31. Compound 18 [ZnEr] Debye method line fitting. 
Using the Arrhenius method a single value for each parameter was obtained; nevertheless, 
using the Debye method many potential barrier and relaxation time values were obtained as 
different frequencies were used. The variance between the different potential barriers calculated 
for the same compound is the result of the experimental error and the linear fitting process. 
Given that, the average values are the ones shown in the following table of the potential barrier 
and relaxation time values obtained. 
Compound Potential barrier [cm-1] Relaxation time [s] 
6 [NiDy] 6.5 2.1·10-5 
8 [NiEr] 12.8 1.7·10-6 
11 [NiYb] 12.6 2.1·10-6 
15 [ZnNd] Arrhenius 3.4 1.9·10-5 
15 [ZnNd] Debye 3.1 2.6·10-4 
17 [ZnDy] 12.3 8.4·10-7 
18 [ZnEr] 2.3 8.8·10-5 
Table 2. Obtained potential barrier and relaxation time values. 
The standard deviation cannot be provided since an error analysis was not carried out. The 
values of the potential barriers and relaxation times appearing in the literature are typically given 
using a tenth. The quality factor used in the calculations is an R factor of 0.985 or higher on the 
linear fitting processes. 
Compound number 15, showed only two peaks, as it can be seen in Figure 25. The 
calculation was carried out through both methods and the difference between results remained 
on the order of tenths. 
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Values of the potential barrier obtained were comparable to ones appearing in the literature 
for compounds with similar structures. Since relaxation times between 10-4 and 10-11 s are 
expected when measuring SMM magnetic susceptibility. 
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7. CONCLUSIONS 
Dinuclear complexes containing zinc(II) or nickel(II), a lanthanide(III) ion and a Schiff base 
as a ligand, have been synthesised and samples in form of crystals and precipitate powder have 
been obtained in good yields. 
The complete structure characterisation of the crystals obtained was possible and the 
powder samples were characterised through various methods. All synthesised [NiLn] 
compounds were isostructural, but the structure of powder or crystal [ZnEu] obtained 
compounds presented some differences. The origin of these discrepancies will be studied. 
Obtained [NiLn] compounds did not present emission properties and the [ZnLn] obtained 
complexes showed emission properties deriving from the presence of the ligand, but not 
deriving from the lanthanide ions, as it was expected. 
Interesting magnetic properties were obtained, since [NiLn] and [ZnLn] complexes exhibit 
SMM behaviour. 
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9. ACRONYMS 
CD – Circular dichroism 
CPL – Circularly polarized light 
IR – Infrared 
L – Ligand: N,N'-bis(3'-methoxy-2'-hydroxyphenylmethene)-1,2-diphenylethylenediamine 
Ln – Lanthanide 
NIR – Near-Infrared 
o-vanillin – 4-hydroxy-3-methoxybenzaldehyde 
SMM – Single-Molecule Magnet 
XRD – X-Ray diffraction 
Syntheses of coordination compounds with chiral Schiff bases. Optic and magnetic study.  37 
 
 
APPENDICES 
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APPENDIX 1: IR SPECTRA OF THE [NILN] 
COMPLEXES (COMPOUNDS 1-11) 
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APPENDIX 2: IR SPECTRA OF THE [ZNLN] 
COMPLEXES (COMPOUNDS 12-19) 
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APPENDIX 3: CRYSTALLOGRAPHIC TABLES FOR 
COMPOUNDS 1, 12 AND 13  
 
 Compound 1 
[NiEu] (R,R) 
Compound 12 
[ZnEu] (R,R) 
Compound 13 
[ZnEu] (S,S) 
Formula C30H26EuN5NiO3 C32H34EuN5O15Zn C32H34EuN5O15Zn 
FW 875.23 945.97 945.97 
Crystal System Monoclinic Monoclinic Monoclinic 
Space Group C2 P21 P21 
a [Å] 19.125(1) 9.2811(4) 9.2850(6) 
b [Å] 15.5700(8) 16.2336(8) 16.239(1) 
c [Å] 22.084(1) 23.407(1) 23.453(2) 
α [deg.] 90 90 90 
β [deg.] 99.096(2) 95.232(2) 95.284(2) 
γ [deg.] 90 90 90 
V [Å3] 6493.4(6) 3512.0(3) 3521.2(4) 
Z 8 4 4 
ρcalc. [g·cm-1] 1.791 1.789 1.784 
μ (MoK) [mm-1] 2.569 2.532 2.526 
F (000) 3488 1896 1896 
T [K] 100 100(2) 100(2) 
λ (MoK) [Å] 0.71073 0.71073 0.71073 
R 0.0387 0.0359 0.0281 
ωR2 0.1045 0.0666 0.0661 
S 1.053 1.081 1.092 
Table 3. Crystallographic data 
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APPENDIX 4: BOND DISTANCES FOR COMPOUND 1 
 
Distances [Å] 
Compound 1 
[NiEu] (R,R) 
Atoms A B 
Ni1 – N1 1.840(6) 1.840(8) 
Ni1 – N2 1.806(7) 1.811(7) 
Ni1 – O2 1.843(6) 1.852(5) 
Ni1 – O3 1.838(6) 1.826(7) 
Eu1 – O1 2.550(6) 2.566(6) 
Eu1 – O2 2.417(4) 2.360(6) 
Eu1 – O3 2.389(6) 2.436(4) 
Eu1 – O4 2.552(7) 2.549(6) 
Eu1 – O5 2.593(6) 2.434(7) 
Eu1 – O6 2.480(6) 2.599(6) 
Eu1 – O8 2.472(6) 2.22(5) 
Eu1 – O9 2.538(5) 2.505(5) 
Eu1 – O11 2.421(5) 2.449(5) 
Eu1 – O12 2.504(6) 2.490(6) 
Table 4. 
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APPENDIX 5: BOND DISTANCES FOR COMPOUNDS 
12 AND 13 
 
Distances [Å] 
Compound 12 
[ZnEu] (R,R) 
Compound 13 
[ZnEu] (S,S) 
Atoms A A A B 
Zn1 – N1 2.024(5) 2.045(4) 2.045(4) 2.046(5) 
Zn1 – N2 2.047(5) 2.020(4) 2.020(4) 2.011(5) 
Zn1 – O2 1.991(4) 1.981(3) 1.981(3) 1.982(4) 
Zn1 – O3 1.983(4) 1.991(4) 1.991(4) 1.992(4) 
Zn1 – O14 2.005(5) 2.006(4) 2.006(4) 2.011(5) 
Eu1 – O1 2.604(4) 2.703(4) 2.703(4) 2.642(4) 
Eu1 – O2 2.370(4) 2.337(3) 2.337(3) 2.344(4) 
Eu1 – O3 2.336(4) 2.368(3) 2.368(3) 2.370(4) 
Eu1 – O4 2.700(4) 2.608(3) 2.608(3) 2.604(4) 
Eu1 – O5 2.572(5) 2.543(4) 2.543(4) 2.541(5) 
Eu1 – O7 2.542(5) 2.568(4) 2.568(4) 2.582(4) 
Eu1 – O8 2.476(5) 2.487(6) 2.487(6) 2.475(6) 
Eu1 – O9 2.486(7) 2.469(5) 2.469(5) 2.459(4) 
Eu1 – O11 2.451(5) 2.446(4) 2.446(4) 2.458(5) 
Eu1 – O12 2.505(5) 2.505(4) 2.505(4) 2.503(5) 
Table 5. 
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APPENDIX 6: BOND ANGLES AND DIHEDRAL ANGLES 
FOR COMPOUNDS 1, 12 AND 13 
 
Bond and dihedral 
angles [deg.] 
Compound 1 
[NiEu] (R,R) 
Atoms A B 
Ni1 – O2 – Eu1 105.4(2) 107.9(3) 
Ni1 – O3 – Eu1 106.7(3) 105.8(2) 
Ni1 – O2 – Eu1 – O3 11.62 10.29 
C10 – C9 – C16 – C17 155.97 164.70 
Table 6. 
 
Bond and dihedral 
angles [deg.] 
Compound 12 
[ZnEu] (R,R) 
Compound 13 
[ZnEu] (S,S) 
Atoms A A A B 
Zn1 – O2 – Eu1 106.6(2) 108.2(1) 108.2(1) 108.7(2) 
Zn1 – O3 – Eu1 108.1(2) 106.6(1) 106.6(1) 107.4(2) 
Zn1 – O2 – Eu1 – O3 2.04 1.65 1.65 1.24 
C10 – C9 – C16 – C17 57.73 -57.77 -57.77 58.74 
Table 7. 
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APPENDIX 7: HYDROGEN BOND DISTANCES AND 
ANGLES FOR COMPOUND 13 
 
Atoms Distances [Å] 
D-H 
Distances [Å] 
H···A 
Distances [Å] 
D···A 
Angles [deg.] 
D-H···A DHA 
O1W-H1OW···O6B 0.8400 2.2900 2.854(5) 125.00 
O1W-H1OW···O7B 0.8400 2.3700 3.140(6) 153.00 
O2W-H2OW···O5A 0.8400 2.3900 3.156(6) 151.00 
O2W-H2OW···O6A 0.8400 2.2400 2.879(7) 133.00 
O14A-H14C···O1W 0.8400 1.8300 2.669(6) 173.00 
O14B-H14D···O2W 0.8400 1.8300 2.664(7) 170.00 
Table 8. 
  
